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ABSTRACT »
29721
Bistable silver sulfide resistive memory elements are obtained by
pressing the pure compound, together with silver and platinum electrodes,
into thin pellets. The elements are formed by steady application of
voltages in the range of 1 to 10 volts, the time required being less the
higher the voltage. Thereafter, pulses of the proper polarity in the
range of 2 to 12 volts and 15 milliseconds duration are sufficient for
switching between the stable high and the stable lcw resistance states.
The ratio of the resistances of the high state to the low state may be 3
to 100 or more, depending upon the switching voltage. The energies re-
quired to switch are of the order of magnitude of 10°4 to 1 watt-second,
depending upon the applied voltage. Switching occurs during the appli-
cation of the pulse. Stored information may be read nondestructively with
2 volts, For resistance ratios greater than 4, life-times as high as
3 x 105 cycles were obtained in cycling tests; the failure-to-switch rate
is about 5%. The elements operate in vacuum, at -196° C. and at elevated
temperatures with reduced energies; stored information survives expesure
to 125° C, or to electron bombardment. In dynamic switching the element
shows a current-voltage hysteresis pattern which may be interpreted in
terms of a self-heated thermistor. Comparisons of the characteristics of
silver sulfide, antimony trisulfide and nickel oxide, as memory elements,

show silver sulfide to be the preferable choice for space applications.

Further studies are desirable to obtain higher reliability through
testing of other methods of fabrication, and to evaluate further the char-

acteristics of the element with respect to operation in the space enviren-

ii
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A STUDY OF MEMCRY ELEMENTS HAVING TWO RESISTANCE STATES
CHAPTER I. INTRODUCTICN

BACKGROUND

Prior to the initiation of the work reported herein, the UNIVAC
Research Division had studied the potential usefulness of electrochemical
cells as devices for storage of digital information. These studies led
to the development of a voltaic cell with a solid electrolyte consisting
of a solid solution of two silver halidesl. In addition to the halides
examined in the course of this study, silver sulfide was tested for its
suitability as a solid electrolyte. Attempts to charge a cell with this
compound as the electrolyte were not successful because no stable po-
tential difference was developed across the electrolyte; this is a con-
sequence of the relatively high electronic conductivity of the silver
sulfide. By pulsing the charges and varying the direction and magnitude
of the current through the cell, it was found possible to change the re-
sistance reversibly between two stable states. It was also observed
that these changes could be accomplished with a few volts, compared to
hundreds of volts required by other substances which exhibit bi-stable

resistance states, such as nickel oxide,

With the objective of developing, under the program reported herein,
a bi-stable resistance element suitable for space applications, studies
were made of the procedures for preparing such elements, giving attention
to such factors as the composition of the resistive compound, fabrication
of the elements, and the nature of the electrodes and the techniques of
applying them. With elements prepared in various ways, electrical tests
were made to determine the voltages and pulse durations required for
their operation, and their reliability in cycling tests; the currents
and energies associated with switching were also evaluated. Tests of
performance were alsoc made both under exposure and after exposure sepa-

rately to temperature and vacuum, as well as before and after exposure

i



.

to electron beam irradiation. The results of these evaluations are sup-
plemented by comparisons with the performance of nickel oxide and anti-

mony trisulfide, each of which has bi-stable resistance states.

FHYSICS OF SILVER SULFIDE
The B phase of silver sulfide, which is stable below 179° C, is

known as argentite. It is monoclinic with the following lattice parame-

ters2 at 250 C:

a: 4.279 R c: 7.862 1%
0 0

b: 6.931 R p: 99.61°
o

The a phase, stable above 179° C, is properly designated as cubic argentite.

The two phases differ considerably in the nature of their electrical con-

ductivity, as shown in Figure 1, taken from Hebb3.

Among the compcunds having mixed ionic and electronic conductivity,
the monoclinic form of silver sulfide is well known for its very high
conductivity; this property of silver sulfide has been the object of
investigations extending over thirty or more years. More recently,
Miyatani4 has investigated the polarization of silver sulfide, and Yokota5
has, in a study of the theory of mixed conduction, made special reference
to silver sulfide. These investigations were reviewed by Vendeliné. with
extensive reference to the work of Hebb3. Friauf7 has given a discussion
of both ionic and mixed conductivity in crystals and has tabulated parame-

ters for the conductivity equations.

Silver sulfide may be nonstoichicmetric. Its conductivity has long
been known to depend on its departure from stoichiometry, increasing with
increasing silver content, as illustrated in Figure 1. For silver sulfide
in equilibrium with sulfur, the transport number for the cation has the

unusually high value of 0.99 at room temperature.
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The icnic conductivity may te suppressed by proper choice of elec-
trodes when the applied potentials are less than the decomposition

potential of argentite which is about G.2 v.
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CHAPTER II. DISCUSSION

PREPARATION OF THE MEMORY ELEMENIS

The silver sulfide used in making the memory elements for test and
evaluation was purchased from the K and K Laboratories, Jamaica, New
York, as 99.9% pure, Lot No. 33314. To determine whether @& higher
purity material would significantly influence the performance results,
very pure silver sulfide was prepared by very slowly reacting chemically
equivalent smounts of spectrographically pure silver and sulfur in a
sealed tube. Tests of the conductivity of a portion of the resulting
bole of the silver sulfide indicated that it was most likely slightly
silver rich, Tests of the performance of this very pure silver sulfide
as a memory element showed that there were other variables in the process
of making the elements than the incresse of purity obtained with this

preparation, and this material was reserved for future tests.

The electrodes of the memory elements usually consisted of platinum
and of silver. These metals were of 99.9% purity or better, In the
early stages of the work the silver electrode was made from silver
powder, while the platinum electrode was in the form of a sheet of foil
approximately 0.06 inch in diameter. In the latest experiments, the
platinum electrode was also formed from powder,

The pellets for the memory elements were prepared by pressing, using
very simple hand-metering devices to provide a measured volume of powder.
The procedure finally adopted for making recent silver sulfide memory
elements was as follows: (1) Place in the cavity of a 0.25 inch die
sufficient silver powder to cover the bottom, press lightly into position
by rotating and tapping the plunger; (2) add 55 mg of 100 - 200 mesh
silver sulfide from a plastic dispenser, press into position as described
above; (3) add about 1 mg of minus 200 mesh platinum powder by means of
a plastic dispenser, using a special aluminum funnel to confine the
platinum to @ 0.05 inch diameter spot at the center of the pellet, press
lightly; then (4) complete fabrication of the pellet in a hydraulic
press, using 140,000 pounds per square inch. The thickness of the silver

[#]



sulfide pellets so prepared is nominally 0,007 inch. Elements formed
in this way are sufficiently sturdy to permit any reasonable handling
without breakage.

The density of the pellets without electrodes was determined as
7.18 g/cm3 by pycnometer; this may be compared with a deasity of 7,234
g/cl3 determined from measuremesnts of a stoichiometric silver sulfide
by the National Bureau of Standardsz.

Preliminary tests were made on silver sheets on which a layer of
silver sulfide was formed by immersion in liquid sulfur at about 130°
to 140° C for ten minutes to one hour. Thicknesses of the sulfide
layer varied from about 0.0003 to 0.0015 inch. The unreacted silver
served as one electrode; the other electrode was a piece of platinum
foil or platinum wire which was held against the silver sulfide by
means of spring pressure,

ELECTRICAL MCDEL OF THE MEMORY ELEMENT

The silver sulfide memory element may be electrically represented

W and Rﬂigh are the
true bi-stable resistance values of the active or switching portion

by the equivalent circuit of Figure 2, where RLo

of the element. These are dependent upon the input energy and the
history of the device., A shunt resistance is added to this equivalent
circuit to represent the passive or non-switching volume of the element,
This resistance can include such effects as polarization and the deteri-
oration of the electrical or memory capabilities of the silver sulfide
element with total operation.

For a given resistivity of silver sulfide, the initial a~c re-
sistance of the memory device before being switched is dependent upon
the electrode configuration, the nature of the contact to the silver
sulfide, and the characteristic of the compressed silver sulfide.
Figure 3 indicates the calculated variation in resistance for a 0,250-
inch diameter element comparing a right truncated core, RTC' and a

6



RSHUNT = R(V,T, T,fdt, ------ )

V - VOLTAGE
T- PULSE DURATION

T- ELAPSED TIME AFTER
TERMINATION OF PULSE

fdt - INTEGRATED OPERATING
TIME OF ELEMENT

2. Equivalent Electrical Circuit for a Silver Sulfide

Memory Element

oV
Riow Ruieh
l =R(V,T) =R(V,T)
I Figure
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right circular cylinder approximation, RRC' The derivation of the
former is included in the Appendix I In actuelity, an experimental
device will have an initial resistance somewhere between these two

values or curves.

Depending upon the energy source used in switching, the device may
require a negative forming voltage to initiate the breakdown to the low
resistance state and thereby commence cyclic operation., The time re-
quired for the forming operation varies from practically zero to many

seconds depending on the individual element and the applied voltage.

After forming, the switching characteristics of the silver sulfide
memory element are polarity dependent, as drawn in Figure 4. Negative
voltages applied to the platinum electrode switch the element from a
high to & low resistance state; positive polarities restore the element
to its high resistance value. This polarity dependence holds for a-c
operation as described in the section on Dynamic Switching.

PULSED SWITCHING

Several different energy sources and cyclic devices were applied to
the silver sulfide memory element to study its behavior. These are de-

scribed in the chronological order of their usage.

Cne of the first employed two magnetically actuated reed relays as
illustrated in Figure 5 and Figure 6. A wet battery provided the + 2,2 v
potential applied to the combination memory element and a series 0,75-
ohm resistor, HResistances were obtained by measuring both the voltage
and the current during the pulses. Sample data obtained by this method
are listed in Table I, Resistance values were often an order of magnitude
higher than those shown but varied greatly. Usually, the ratio of re-
sistances between the two states was less than 10 and often only 4 or 3,
even when measured with an a-c bhridge. In all cases, a forming voltage
of -2.2 volts applied to the platinum electrode for a sufficient time to
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TABLE I

Typical Measurements
Reed Relay Apparatus

State v I R
Low 0.7Tvw 2 a 0.35
High 1.5 v 1.1 a 1.4

Resistance Ratio = 4.0

Low 1.5 v 0.8 3 1.9
High 2.2 v 0.2 a 11

Resistance Ratio = 5.8

form the resistive path was required. Tests using this apparastus iandi-
cated lifetimes of approximately 3 x 105 cycles until the two states
were indiscernible. No attempt was made to record the frequency of
failure to switch,

Cycling speeds nearly 10 times faster than the reed relay apparatus
were obtained with the mercury relay circuit of Figure 7. A 45-volt
dry battery was used to study the behavior of the memory element when
operating at higher resistance ratios, and also to observe the dynamic
switching characteristics described in the next section. The memory
element was connected to the battery through a 10-chm series resistor.
Cycling was discontinued when the ratio of the high resistance to the
low resistance decreased to 4. At 100 cycles per second, the lifetime
was essentially the same as that measured previously.

Finally, a flip-flop circuit utilizing a silicon controlled recti-
fier, Figures 8 and 9, was used to obtain most of the switching and
cycling data, A typical voltage-current pattern is shown in Figure 16.
Again, a 45-volt dry battery and a 10-ohm series resistor were used.

13
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Higher resistance ratios were obtained in this manner, and no forming
voltage was required. Three-hundred millisecond voltage pulses could
be used. However, improved operation was obtained initially by re-
ducing the duration of the negative pulse; this allowed easier
restoration of the high resistance state. Operation using symmetrical
positive and negative voltage pulses of 15 millisecond duration ap-
peared to be suitable.

The hysteresis pattern has been used to calculate the order of
magnitude of energy required to switch the device. Approximately 1
watt-second was required to switch from 300 to 3 ohms using a 300
millisecond pulse,

A 2 volt pesk, 100-kilocycle, half-wave a-c voltage was impressed
across the series combination of the silver sulfide memory element and
the 10-ohm resistor as a means of reading non-destructively the re-
sistance state between switching pulses, Because of the silicon con-
trolled rectifiers in the switching circuit, the readout gignal is
essentially half-wave a-c having a positive polarity with respect to the
platinum electrode. The voltage across the 10-ohm series resistor was
detected and automatically recorded by the digital voltmeter and printer,
These data were later converted into the actual resistaence of the memory
device. The print command signal was utilized to reset the circuit for
the following pulse of opposite nolarity. Thus, the digital voltmeter
and printer, in effect, determined the cycling speed of this means of
testing,

This type of readout can be modified to a uni-polar, single-pulse,
non-destructive readout system, Brief experiments have shown that a
single, 1 volt, positive pulse having a durstion of 50 microseconds
can be used. It must have a long enough rise time, however, to read in
a non-destructive manner as pulses having short rise times will switch the
device during readout. The rise time is not yet adequately determined,

but is believed to be, very roughly, not less than 10 microseconds.

19
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DYNAMIC SWITCHING

The slope of a current-voltage dynamic switching characteristic in-
dicates the variation in resistance and the actual switching between
the bi-stable resistance states., By displaying such a characteristic
with a cathode ray oscilloscope, qualitative information was obtained
on the capabilities of the memory device when the operating parameters--

such as power, frequency, temperature, and pressure--were changed,

Figure 10 is a typical sinusoidal current-voltage hysteresis
pattern. The initial resistances of the high and low states as deter-
mined by the slopes of the curve, are 9 and 2.8 ohms respactively.

This is representative of low-frequency, low-voltage switching. A
switching energy of approximately 10_4 watt-seconds has been calculated
from this pattern., Arrows on the pattern denote the only direction that
it may be traversed for completing a switching cycle. Reversing the
direction will result in the traversal of either the low or the high
resistance slopes without switching, depending upon the particular state
of the memory element. Such a pattern has also been produced manually
using a sine-taper potentiomzster; this verified these observations as
would be expected since Lhis method is merely an alternate means of ob-
serving the polarity dependence necessary for switching. With the sine-
taper potentiometer, an operating point near thz current maximum in the
first quadrant of the hysteresis pattern could be maintained for many
minutes without the device switching to the high-resistance state.
However, a slight increase in current with respect to this operating
point immediately changed the state of the device, Likewise, any point
on the high resistive branch for nagative polarities could also be main-
tained. The shape of this high-resistive branch of the waveform can be
at least partially, if not entirely, attributed to thermal changes in
resistance resulting from ohmic heating of the active silver sulfide
material, This postulate is discussed further in the section on the

effects of temperature.

20
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Figure 10. Low~Current Sinusoidal Switching Hysteresis Pattera, 20 cps (

21 o -



Figure 11 depicts the variation of the current-voltage pattern, for
a memory elament originally in the high resistance state, as the vol-
tage was increaszd from zero. Initially, for sufficiently low voltages,
the element did not switch even though the dynamic slope changed. For
slightly highar voltages, the element switched from the high to the low
resistance state and cyclic operation commenced. Higher voltages re-
duced the resistance of the low state still further. Thus, sufficiently
low a-c voltages may be used for nondestructive readout of the bi-stable

resistive state.

As the frequency was increased, Figure 12, the value of the high
resistance state decreased even though the low resistance state re-
mained essentially constant., At frequencies near 70 to 100 kilocycles,
there was no apparent switching cycle. This observation led to the use
of a 100-kilocyecle signal for nondestructive readout with the silicon
controlled rectifier flip-flop switching circuit described on page 9.
One reason for the unresponsiveness to high frequencies is offered in

the section describing the effects of temperature.

The a-c hysteresis for unformed elem2nts was generally similar to
those that were formed except that higher potentials were observed--
volts rather than tenths of volts. There were, however, two general
classes of patterns that were most often seen, as shown in Figure 13.
After forming a low resistance, the memory elements gave similar
patterns to that previously described. Figure 14 indicates that this
may have been a consequance of using a sheet platinum electrode as
there was a dependence associated with the pressure applied directly
to this electrode. This observation led to the replacement of the
sheet platinum electrode by a powdered electrode of the same material,
as described on page 3. This change in the fabrication of the pellet
was made near the end of the final period of the contract, and time
was no longer available to test elements so made as thoroughly as

those made with the sheet platinum electrode. However, it was observed

22
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in making fifty memory elements by this changed fabrication that
variations in the pre-forming resistances were significantly less
than with th2 sheet platinum electrode, An unformed unit could also

be assisted into switching with the application of heat, Figure 15.

A somewhat different current-voltage rzlationship was noted when
square voltage pulses were used for switching rather than a-c. Pulses
are the preferred means for switching the silver sulfide, and a hys-
teresis pattern so obtained is shown in Figure 16. With power levels
much higher than for the previous a-c example, the two states were 280
and 3.3 ohms. This type of hysteresis pattern was likely caused by
the inability of the device to respond thermally to the fast rise time
of the square voltage pulse applied to it; thus, the high resistance
value had less tendency to decay to a lower value as with the a-c

operation,

CYCLING TESTS

This section presents results of the switching and cycling
measurements made with the test equipment described under the heading
PULSED SWITCHING, Data in the form of graphs are presented for normal
memory elements. ‘1wo types of graphs are included: (1) a record of
th2s resistive values for successive pulses from the initial operating
time antil the first failure; (2) a chart obtainad by sampling every
20 cycles or pairs of pulses (i.e., nulses 1 and 2, 40 and 41, etc.)
and thus establishing the lifetime trend of th: device. Figures 17
through 20 present such data for thz normal m2mory elements, Elements
for this purpose were selected from that group of elements which had
gone through all the operations of the radiation test as described in
a subsequent section, but which had not been exposed to irradiation
but instead being isolated and protected therefrom. The data from
one of these selected elements are shown in Figures 17 and 18. The
initial failure occurred at the 73rd successive pulsej 3.7% of the

first 122 switching attempts likewise did not succeed. The 20,000-ohm

27
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value for the high resistance state is the upper limit of the sensi-
tivity of the test circuit, and the actual value may be much higher,
Initial resistance ratios of approximately 2000 are seen to decay to
around 100 with increased operation, and then to return to the original

value before finally decaying ultimately to the value of about 5.

A much shorter lifetime was exhibited by a similar element which
accompanied the radiation test but was not irradiated, Figure 19. More
erratic behavior is also apjarent, both initially and throughout its
operating life. A portion of the characteristics for a third element,
Figur=2 20, seems to indicate, as previously noted, that initial pulse
durations of 300 milliseconds, at least for the negative puls2, are not
satisfactory. Shorter duration nsulses yielded somewhai higher resistance
values for the high state although the maximum value is nearly 200 times

less than those of the two previous examples.

The deterioration of the ratio of resistance values for the bi-stable
states with total operating tims has been shown to be due orimarily to a
reduction of the high resistance state, the low state remaining essentially
stable. Another form of aging was also observed, especially when using
the circuit employing the magnetic reed relays rather than the silicon
controlled rectifier. 7This appeared as a delay in switching from the low
to high resistance state during the application of the positive voltage
pulse. Eventually, this delay equalled or exceeded the duration of the

pulse, and the device remainad effectively at its low value,

The davelopment of the technique for sreparing memory elements with
the platinum electrode formed from powder was completed too near the termi-

nation of this investigation to permit valid cycling tests on such elements,
THERMAL EFFECTS IN CYCLING

The p form of silver sulfide, being a semiconductor, exhibits a nega-
tive temperature coefficient of resistance. This influences the resistance

values of a memory element, particularly the high state, as the temperature

34
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varies, It also contributes to the actual switching characteristic as
well. The equations governing the conductivity of silver sulfide are
given by FriaufT; Figure 21 is a plot of the resistivity with respect
1o temperature for silver-rich and sulfur-rich silver sulfide.
lli.yatami2 indicates that a conductivity-temperature hysteresis is also
found for silver sulfide. 1In both cases, thz magnitudes depend greatly
upon the deviations from stoichiometry of the particular silver sulfide
sample,.

These variations in resistivity as a function of temperature give
a clue to at least a portion of the switching machanism., An a-c voltage
current hystieresis was described in the section on Dynamic Switching.
We offer an interpretation of the behavior of the memory element in the
high resistance state in terms of a self-heating thermistor analysisB;
such an analysis has been applied to the inverse voltage characteristics
of a point contact diode by Hunterg. Figure 22 shows a thermal equili-
librium model for the third quadrant of a low frequency switching cycle,
This is based upon the self heating of the silver sulfide and its re-
lated change in resistance. Even though the drawing is approximate, it
clearly shows the effects observed experimentally. For increasing input,
the resistance continues to change and the thermal equilibrium point also
changes, This model assumes that the active material has a very small
volume and can respond rapidly to temp2rature changes. As the frequency
of operation increases, the temperature of the silver sulfide pzllet
increases and the initial value of resistance in the high state thus
decreases, Finally, for a high enough operating frequency, the temper-
ature is so high that the resistance apyears essentially to be in the
low state. Such a model has also been postulated mathematically by
G. L. Pearson10 whose Technical Memorandum has recently been made avail-
able to us, The switching characteristic for square pulses has been
shown to be markedly different than that obtained with sinusoidal wave-
forms. This can be attributed to a lack of thermal equilibrium; hence,

a different voltage-curreut pattern would be expected.




N
o
el o 6.7 ¥ gy yonepee ptome fegpe s ogesmes smeyere gy .
r " f ¥ ¥ " Lt R ey 1
oF ! AR08 i mabe ta e S MR RN Y
: , | ] poo R i i
S ; | i ; v ' :
. [ _ . T L :
i " L . Cod . A.
N , | : ,
a N
>
G
[
.

Ao 290 As9

rivity of Siiver Sulfide vs Temperature

IS
Soa

-
L4

€2

B L,

M

Tempeenrive, T

b

”

w

Figure 21,

|

Cy K ! U

R SRR : . W
i h R ¥ i Q 3 a - oyt ! &
Q

S
o
(%

+




— Volrs
4 3 2 1 ,
125N S—— " ,
25 n ; . .
A
/ i?ta«u
\ !
10,61
Ps
2
Sn f,- Fa * Power HypeRBOLAS

Py 3 Power HYPERBOLAS WHERE SWITCHING
.0 , FRom ngh' 10- Ry, OCCURS.

A-D{ THERMAL EGUILIBRIUM POINTS AT
WHICH R+~ F ( T) 15 PETERMIVED By P

Figure 22. Self-Heating Thermistor Analysis

37

04 |

016‘ :

ag

{.o

;Am

oz -




The first quadrant of the hysteresis nattern might be exonlained
in a similar manner--this time for a thermistor that is cooling to

ambient temparature after being switched to the high state,

This model for the transition from the high to low resistance
state does not attempt to explain the actual latching properties of
the switch., It does account, though, for a portion of the switching

cycle and some of the variations found in the hysteresis effect.

The dependence of the resistivity upon the deviation from
stoichiomatry will account for many of the differences in resistances
from cycle to cycle and element to element. The input power for each
pulse used for switching will influence the temperature response of the
active silver sulfide material, and likely change the concentration of
silver or sulfur in the material near the switching path and thus the

total resistance of the memory element.

Qualitative observations of the switching operation at elevated
temperatures indicated that less energy is required than at lower
temperatures, On the basis of the model just proposed, this would be

expacted.

EFFECTS OF ENVIRONMENT

hadiation tests were made to obtain an indication of the prebability
of the silver sulfide memory el=ments surviving in the space environment.
Twelve silver sulfide memory elements were exposed to a 2.0 Mev electron
beam from a Dynamatron at the Bosing Company's Aerospace Division. While
the entire report from Boeing is reproduced in Anpendix II, the pertinent

features of the test are summarized in Table II.

Cf the twelve elementis irradiated, six were in the low resistance
state prior to the test; the remainder, in the high state. Each of the
two groups were further subdivided so that either the silver or platinum

electrodes were toward the beam,



.

TIABLE II

Radiation Test Data

Integrated Electron Dose:

3.0 x 10—8 (+1%%, -5%) amp-hrs/cm2
-0r-
2.8 x 107 r (Co60 equivalent)

Time for Irradiation:
834 Seconds
Average Irradiation Rate:
2
0.13 pa/cm
Temperature Hise:
Negligible; less than 2°¢c
Incident Electron Energy Spyzctrum:
2 Mev + 0.3%

A comparison of the resistances before and after the irradiation is
shown in Figures 23 and 24, All of the memory elements that were origi-
nally in the low resistance state were shislded by 63.3 mil thick aluminum
during the exposure; they either remained unchanged or were increased in
resistance by the irradiation. These elements originally in the high re-

sistance state were unshielded during irradiation; they also changed in

resistance, However, the direction of change depanded upon the orientation

-of the memory element in the elactron beam. Units having the platinum

electrode towards the beam decreased in resistance. With the silver
electrode towards the radiation, the units increased in resistance., While
the high-energy electron beam is the primary source of radiation, high-
energy x-rays were undoubtedly generated by the electrons striking the

aluminum shield as well as the elements themselves. It is reasonable to

39
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.

believe that the x-rays contributed to the changes observed in the
elements, Comparatively, the elzctrons would be expected 1o be more
effective when the smaller platinum elactrode was towards the beam;
the x-rays more effective when the larger silver electrode was towards
the beam.

Six other silver sulfide memory elzments were also sent to Boeing
as control elements; these were not irradiated. Table III indicates
the stability of these control units. Those in the low resistance
state changed slightly, while those in the high resistance state in-

creased substantially; howsver, none switched.

This test gives a qualitative indication of the probability of sur-
vival of information stored in a silver sulfide memory elemant thst is
subjected to an intense electron radiation environment. No tests were
made to determine the capabilities of operation within such an environ-
ment, The lifetime of these memory elements is drastically reduced,
however, by merely exposing them passively to the radiation, even with
the shielding used.

The results of cycling tests on memory elements that were exposed
unshielded to the electron beam are shown in Figures 25 through 31. All
have shortened lifetimes and erratic behavior. Rejuvenation of a worn
device to a slightly highar resistance ratio by substantially increasing
the pulse duration is indicated for element 3, Figure 27, but is not

apparent for element 12, Figure 31.

Two memory elecments that were shielded by the 63.3 mil thick aluminum
sheet during the irradiation performed in the cycling tests as shown in
Figures 32 through 35. Their shortenzd lifetimes and more erratic be-

havior is evident.

The effects of greatly reduced ambient pressure on the onerating

characteristics were qualitatively evaluated by a simple experiment,
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1ABLE III

Stability of Control Elements

Low State:

Elemant No.

0 - 11
0-12
0-13

High State:

Element No.

0-17
0-8
0-10

KRESISTANCE

Original Final
1.37 2.70
0.43 0.42
0.76 0.66

RESISTANCE

Original Final
360 530
125 143
100 193

Date of Measurement:

Original

Final

10-3-63
10-30-63




Silver sulfide memory elements were nlaced in a vessel evacuated to
about 1 x 1072 10 1 x 1073 torr. While in this environament, the cycling
characteristics and storage characteristics were determined. From the
oscillograph traces, the 2lements appeared to operate in the same manner

as at atmospheric pressure.

An element was immersed in liquid nitrogen and observed to operate
at -196° C.

Cne element was set in the high state and another in the low state,
and their resistance values werc detsrmined using a low amplitude, 1
kilocycle a-¢ signal at various times while in the evacuated chamber.
The changes found in both resistance staies were of the same order as
thos2 changes observed in comparable units stored for a similar period

at normal pressure,

Resistance measurements were made in air on memory elements at various
temperatures up to 200° C to determine the retention of information. Seven
elements were used in this test; elements 1 through 3 were initially in
the low state; 4 through 7 in the high state. HhLesistance measurements

were made by the a~c bridge method.

The results of the test are shown in Table IV, The test was stlopped
at 200° C, and thz units were allowzd to return to room temperature; the
resistance was again measured. The results after returning to room temper-
atur2 are shown in the last line of Table IV. At 1270, those pellets which
were in the low state remained in the low state with resistances not far
different from the initial 25° C values; those which were in thz high
state remained in that state, even though the resistances decreased. On
cooling to room temperature, those with the low resistances returned to
resistances roughly equal to or higher than the original values. Those
in the high state were substantially higher, Thus, information may be

e . O.
read at luao, and is readable at room temnerature after exposure to 2007

It is to be noted that stored information is not lost when the element

passes through the p-a transformation at 179° c.
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TABLE 1V

kesistance Vzrsus Temperature

KESISTANCE IN OHMS
Temp. ----Low State---- = —ocmeeee High State---------
oC 1 2 3 4 5 6 7
25° .46 .67 1.0 2300 72 1000 210
46° .33 .67 .44 2800 58 1100 226
66° .34 .67 .44 2200 50 770 165
98° .38 .69 .42 900 40 405 106
127° .46 .73 .42 280 20.5 198 68
150° .59 .79 .43 69 12.2 64 28
180° .61 .77 .48 23 5.2 24 10,
200° .58 .54 .52 9.0 1.96 8.8 5.
25° .6 1.37 1.08 4300 142 2000 3400

Silver sulfide memory elements were stored at a laboratory temperature

and pressure to evaluate the retention of information.
storage tests were made; one for 16 hours and one for 72 hours.

are shown in Table V., Although some of the measured resistance values

iwo short-term

changed slightly, none of the elements appeared to switch spontansously.

1ABLE V

Short-Term Storage

hESISTANCE, CHMS

16 Hours
El=ment Initial Later
1 2.3 K 2.35 K
2 72 44.3
3 1.0 K 1.06 K
4 210 220
S 325 360
6 6.9 7.9
7 0.36 0. 46
8 0.65 0.67
9 0.9 1.0
10 0.63 0.60

KESISTANCE, OHMS

72 Hours

Element Initial Later

11 245K 2.8 K

12 180 175

13 820 890

14 4 K 3.85 K

15 0.62 0.79

16 0.4 0.45

17 67.5 390

19 0.57 0.7

(%]

The results



The same genaral results were obtained from elements siored for
eight months, Table VI. 1In the long-term storage test, the initial
resistance measurements were made on April 3, 1963, with d-c ohmmeter,
The resistances changed during this measurement. In the two subsequent
measuremants, August 21, 1963, and January 5, 1964, the resistances were

measured on a l-kilocycle low-level a-c bridge.

TABLE VI

Long-Term Storage

KESISTANCE IN OCHMS

El=ment 5 Apr. 1963* 21 Aug. 1963 5 Jan, 1964
1 10 K 750 370
2 6 K 620 1.1 K
3 6 K 1.34 K 5-10 M (Erratic)
4 0.5 1.1 1.73
5 | 0.8 0.8 0.87

*¥Tha2sz measuremants were made with a d-c ohmmater; the others were

made with an a-c¢ bridge.

An increased frequency can also be used for reading with the a-c
bridge, provided the signal lavel is low enough to kzep the memory
element from switching, as shown in Table VII. When the signal level
is maintained constant, as was done in this test, no significant changes

in the impedance are found over the 1 to 10 kilocycle range.
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TABLE VII

High-State hLesistance vs Frequency of Measurement

RESISTANCE IN OHMS

Elemant 1 ke 2 ke 10 ke
1 2.0 25.0 24.5
2 36.2 37.0 37.0
3 9.3 9.4 9.3
4 7.8 7.8 7.8
5 48.0 49.3 49.6
6 6.4 .3 6.3
7 9.9 .8 9.7
8 5.8 .3 5.8
9 6.3 .2 6.2

10 33.5 35.0 38.2

SWITCHING PATH

A study of the potential distribution in an unused silver sulfide
element using the standard two-dimensional resistance paper-and-voltage
probe technique for field mapping was made on units having the approxi-
mate dimensions of Figure 36. The results for two electrode configur-
ations are shown in Figures 37 and 38, It should be noted that nearly
the entire potential distribution on the silver sulfide surface occurs
very close to the small electrode; thus, the fie=ld intensity is con-
centrated in these small circular or annular areas, Such a distribution
of potential gradient can be correlated with the particle motion observed
microscopically, as will be described shortly. This initial potential
configuration will change when the switching cycle commences and will
undoubtedly continue to change throughout the entire operating life
of the memory elemznt, Although the average fisld strength directly
betwezn the elactrodes is rzlatively small, it is obvious that much

highsr fields will >redominate nzar the edges and corners of the smaller
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electrode. The role of these fi=2lds in the forming and switching processes

is unknown,

A microscopic obsarvation of the silver sulfide units was made at 60
to 120 X during both the forming process and the switching between the
two stable resistance states. 1Initially, a tungsten needle was used as one
alactrode. It was soon found that the needle, if resting on the surface
of the silver sulfide by gravity, would burrow its way through the wafer
to the silver electrodz. This, besides showing evidence of melting in
the switching path, also indicated that the aor high~temperature phase
of silver sulfide, stable above 179° C, was formed during some part of the

switching process.

#hen the tip of the tungsten ncedle was moved from the axis and mounted
rigidly on or very near to the periph=ry, the actual forming process was
observed on the exposed vertical surface of the elema2nt. During the part
of the forming operation preceding the true breakdown, much silver, seem-
ingly in the form of minute balls, came to thz flat surface in a large
area surrounding the neadle and also on the vertical surface. This, of
course, is with the negative 2 volts aoplied io the needle. Duriag forming,
a wide »sath of silver between the eleclrodes was formed. This ajparently

takss a least resistance rather than a dirzct path.

Furthermore, the conceatration of silver was very great and spread
laterally along the silver - silver sulfide interface, The arca midway
between the extremitizs of this switching path seemed somewhat deficient
in silver relative to the other areas. The pre-forming plating of silver
and the varying silver concentrations in the switching path might possibly
be attributed to the depsndence of the diffusion of the free silver on
temperature, Another investigator6 has observed that the free silver
diffuses into the colder areas of the silver sulfide; hence, the silver
paths would be orthogonal to the equithermal lines between the elactrodes
and thus be plated over a wide area on the surface, concentric with the
small circular electrode. Also, thz elzctirodes would act as effective
heat sinks and could therefore cause concentration variations in the

switching path,
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Additional motion of silver between the elzctrodes was observed
during the switching process. " This appeared like ripples or waves;
the direction depended upon thz polarity of the applied potential.
This visible motion bf silver initially occurred over the entire path
although concentrated more in the middle. As the unit was cycled
further, the silver migration gradually became entirely councentrated
adjacent to the tungsten needle. Some melting was also observed there,
At the same time, the delay in switching from the low to high state
became much longer. When all apparent silver motion ceased, the memory

element also failed to switch,

More microscopic observations were made on a wafer having an impressed
circular nlatinum electrode similar to Figure 36. Again, during the form-
ing stage, plating of silver over much of tha surface was observed. Be-
cause of this type of construction, the actual switching path could not be
seen, However, as the unit switchad states, a motion of silver on the
surface near the exposed platinum - silver sulfide interface was clearly
aprarent. The momentary directions corresponded to the nolarity of the
aporlied notential, Initially, this motion was seen around the entire
perinhery of the platinum electrode and extending into the silver sulfide.
As cycling continued, this action eventually became localized at only a
few points. As with the previous example, the delay time in switching
again was longer. That the motion of particles observed was radial with
and close to the small platinum electrode is not too surprising since the

majority of the electric field is concentrated in this region.

Several silver sulfide memory elements were examined by sectioning
and by dissolving the silver sulfide with a thiourea-hydrochloric acid
solution. This acid dissolves silver sulfide at a moderate rate and
attacks silver and the electrode metals at a very slow rate, Some of the
samples which have been cycled to failure have shown a fine network of
silver in the silver sulfide, the amount of silver being greatest in the

silver sulfide n2ar the platinum elzctrode.
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Another experiment revealed that a phctovoltage was generated when
an unformed silver sulfide element was exposed to an approximately 250-
microsecond duration unfiltered flash from an FX-1 xenon tube. Electrical
screening and optical masking variations indicated that this voltage was
generated only at the platinum electrode - silver sulfide interface or
surface junction. Potentials up to 40 millivolts could be generated
depending on the particular element tested. Formed and cycled units did
not exhibit this characteristic; thus, there is some evidence that a
change in the platinum - silver sulfide interface is necessary for oper-

ation of the memory device.
SUMMARY OF OPERATING CHACTERISTICS

The operating characteristics of the silver sulfide memory elements
depend on electrical factors such as voltage, pulse duration, and pclarity.
These factors are interrelated in that they determine the resistance ratios
and repeatability, aleng with other characteristics. The operating charac-
teristics, insofar as they have been determined for elements in the present

state of development, are summarized in the following.

Operating voltages in the range of 2 to 12 volts are desirable in
order to obtain adequate resistance ratios, although any voltage greater
than 0.2 volt may switch the element. The ratio of the resistance in the
high state to that in the low state increases as the operating voltage is

raised.

Fulses of 15 milliseconds duration were adequate to provide the neces-

sary energy for switching in the voltage range used.

The current required to switch ranges from tens of milliamperes when
in the high resistance state to approximately an ampere when in the low
state,
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Energy of the order of magnitude of 10 ~ wati/sec is required to give
a resistance ratio of 3. [Increasing the energy to approximately 1 watt-sec
gives resistance ratios of two orders of magnitude greater., Some of this

energy is expended in switching; some of it in heating the element.

There is no switching delay in the sense that switching always occurs

during the pulse, although not necessarily in the leading edge of the
pulse.

The polarities of the el=ctrodes determine the switching diraction.
A hositive potential on the olatinum electrode is raquired to switch from

the low to ths high rasistance state; a negative potential, from the high
fo th2 low resistance state.

Life times as high as 300,000 cvcles have been obtained, with resistance
ratios near 10. For highar ratios, life times decrease in some inverse
manner with respect to the ratio. Failures to switch are randomly dis-

tributed throughout the life time, and may amount to about 5% or more of
the cycles,

For reading, a 2-volt peak, 100-kilocycle half-wave, sinusoidal voltage is
satisfactory. A single pulsz of 30 microsecounds duration can also be used,
provided the rise timz is slow, A nositive nolarity with respect to the

platinum elecirode is required for reading.

Stored information appears to survive the spescific 2lectron bombard-

ment test made, but ths operation was not satisfactory since the element
failed rapidly.

0
Th2 memory element operates at -1%6 C, and also at elavated temper-

atures with reducad energies. Stored information survives exposure to
=0
1257 C.
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CHAPTER I1I. FUTURE WCGRK

Among the objectives sought in this study, those of the voltages,
current, read-out signals, and minimum power, satisfactory for satellite
operation, have been attained with the silver sulfide memory element.
Cther objectives, such as reliability and repeatability have not yet Leen
fully realized. Gther factors need tc be evaluated more thoroughly, such
as improvements which may be obtained with other methods of fabrication,
and the effects of space envircnment. Future work in continuation of
this study should be directed along two lines: on one hand, towards
improvement of reliability, especially with regard to repeatability in
switching, through testing other methods of fabrication of the elements,
and cn the other hand, towards further evaluation of the characteristics

of the elements with respect to operation in space environment.

The technique for maeking the platinum electrode from powders de-
veloped in the last stages of the study, gave an indication, in what
little testing could be done on elements with the platinum electrode formed
in this way, of a better performance. This should be pursued, as should
be other methods of making connections. Other modifications deserve study;
these include a reduction of the volume and changes of the conductivity of
silver sulfide. These modifications of the method of fabrication should
be studied and evaluated in terms of reliability of switching. A bi-product
of this phase would be progress towards better understanding of the mecha-

nism of switching.

The study and evaluation of the characteristics of the silver sulfide
memory elements should be refined and continued in the direction of ex-
tending the determination of the frequency of failure to switch and
reducing it, as well as in the direction of increasing the lifetime in
cycling. The method of recording these factors automatically, established
in the latter stages of this study, would be used in future work along with
computer methods of evaluating the data. Attempts should be made to
measure the energy required for switching. Tests of the effects of pressure
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and temperature, to simulate the space environment, need to be widened.
Ultimately, tests of operation of a memory plane assembled from silver
sulfide memory elements appears to be desirable. At such a time as it
can be shown that an array cf these elements can operate reliably, it
would then be desirable to establish a research and development program

for preducing the silver sulfide memory elements reliably and economically.
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CHAPTER IV, CONCLUSIONS AND RECCMMENDATIONS

This study of silver sulfide as a memory elemznt having two stable
resistance states, while not yet complete, has led to the conclusions which

follow.

Silver sulfide is a bistable resistive material which is switchable
between two resistance states with 15 millisecond pulses of low energies
at low voltages. HKatios between 3 and 109 or more, for the resistance in
the high state to the resistance in the low state, are obtainable, depending
on the applied voltage. hesistancas may be read nondestructively with 30
microsecond pulses of 2 volts. Information stored in such elemsnts does
not deteriorate during storage for several months, nor is it lost on ex-
posure to over 125°C, or to high energy elzctron beams, Such elements are
oparablz at —196°C, as well as in vacuum. All of these characteristics are

favorable for space applications.

There are two other characteristics which, insofar as they have been
studied, are lzss favorable for those applications. The life time of the

-
element observed in cycling, about 3 x 10° sycles, implies limited service~

ability. The rate of failure to switch, about 3%, implies the need for
improving reliability. However, thsre are indications that improvements
may be obtained by modification of the design of th= element, as well as

the mathod of fabricating it.

On the basis of these conclusions, it is recommended that this study
be continued in the two directions of improvement of life-time and reliability
by testing changes in design and m=thods of fabrication, and of the evaluation

of the element with raspect to oparation in th2 space environment.
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Cne item of new technology was developad during the period of this

study, namely a method of fabricating a resistive memory element from

' CHAPTER V. NEW TECHNOLOGY
‘ l powdered materials.

The sraferrzd procedure for making silver sulfide memory elements

with the elzctrodes attached to the resistive pellet is as follows:

(1) Place in the cavity of a 9.25-inch die sufficient silver powder
to cover the bottom, press lightly into »osition by rotating
and tapping the plunger;

(2) add 35 mg of 100 - 220 mesh silver sulfide from a plastic dis-

nenser, press into position as described above;

(3) add about 1 mg of minus 200 mesh platinum powder by means of a
plastic dispenser, using a special aluminum funnel to confine
the platinum to a 0.03-inch diameter spot at the center of the
pellet, prass lightly; then

(4) complete fabrication of the pellet in a hydraulic press, using

The thickness of the silver sulfide pellets so prapared is nominally
0.007 inch. Elements formed in this way are sufficiently sturdy to permit
any reasonable handling without breakage.

The operating characteristics of silver sulfide memory elements fabri-
cated by this procedure are given in the section of this report "SUMMARY
OF CPELATING CHAKACTEKISTICS", pagzs 64 and 65.

The development of a nsrocedure for fabricating a bistable resistive

memory zlement is one of the objactives of this study.

While the technology described here was developed »rimarily for fabri-
cating a bistabl: resistive memory element, it may be used for fabricating
other electrical devices consisting of two electrodes separated by solid
materials having any desired characteristics.

. 140,000 pounds ser square inch,
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I. Items Received

APPENDIX II. ELECTRCN IKhLADIATION

THE BCEING CCMPANY
AERC-SPACE DIVISICN
Seattle, Washington

FINAL REPCRT

ELECTLCON IKRADIATICN

The following groups of Ag2S devices were received for

electron irradiation:

Green Group V; six devices for setup orocedures
Green Group I; six devices to be irradiated

Crange Group II; six dzvices to be irradiated
Control Group III; not to be opened nor irradiated

Control Grou»y IV; not to be op2nsd nor irradiated

II, Irradiation Requirements

Integrated does 3 x 107" amp-—hr/cm2

Beam current to be such as to not cause th> device

temperature to exceed 150°C.
Beam energy greater than 0.5 Mev.

One group of six to be irradiated in the direct beam.
Cther group of six to be irradiated through an aluminum
shiazld of between 300 to 600 mg/cmz.

In each group of six devices, three must have their Ag
coated side toward the incident beam and three must have

the Ag.S side containing the Pt snot toward the incident

2
beam,
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ITL.

Test Information

All devices in Grzen Group I and Crange Group II were irradiated
at the same time. This was accomplished by scanning the output
electron beam over a 24" path, measured at the scan window
(.003" titanium). The devices were located 3" from the scan
window, along the beam path, and as close to the zero scan

position of the beam as possible.
The following steps in the irradiation were performed:

1. A low mass, non-metallic, device holder was constructed to
hold the devices, The holder was located approximately 1"

away, parallzl to the beam scan path,

2. A PVC scan picture was made to locate the exact beam trace

with respect to the holder. The PVC scan is enclosed.

3. A small Faraday cup having an entrance oosening of 1 cm2
was mounted at the center of the scan on the device holder,
and the output of thas Faraday cup run into an El Dorado
Model CI 110 current integrator. A test run was made to
establish the correlation betwezn machine currant, Faraday
cup current and irradiation time. A machine current of 43
pa yielded a target current of .143 pa and an irradiation

time of approximately 800 seconds.

4, In order to establish the temperature rise of a device
during irradiation one of th2 devices from Green Grouo V
was equipored with a Fenwall Thermistor type GB43J1 and
calibrated over a range of 0% to 150° C. This device was
run along with the Faraday cup to ths parameters established

in step 3, Prior to irradiation ths device temperature was

. . . C . 0
24° ¢, During irradiation the devics temnerature rose to 26 C.

Because of the small temperature rise indicated in this test,

no attempt was made to m2asura the temperature rise of Green

Group I or Orange Group II during irradiation.
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This one device from Green Group V is the only device used
from this group. The remaining five in the package have not
been irradiated. We enclose the one devic2 used with the

thermistor mounted on it, as well as the unirradiated ones.

A cross calibration was made between the Faraday cup and
fluorescant degradation in cobalt glass chips. During a

one second calibration run at 45 pa beam current the cobalt
glass yielded a dose figure of 36.8 15.9 kr (Co60 equivalent)
which corresponds to a 2 Mav elactron current of .147 +.02
ua/cmz. This compares favorably with the Faraday cu)

corrected current of .128 na,

Finally all devices in Green Group I and Crange Group IV

were irradiated in one run as follows:

(a) Green Group I was run in the direct beam with devices
#1, 3, 4 having the Ag plated side away from the
incident beam and #10, 11, 12 with the Ag )»lated side
toward the incident beam. ‘These devices were nlaced

in a line on one side of the Faraday cup.

Crange Grou>s IV was exposed under a piece of aluminum
having a thickness of 63.3 mils (we are including the
aluminum slab used), with devices #1, 4, 5 having the

Ag plated side away from the incident beam and devices

#2, 3, 6 with the Ag plated side toward the incident beam,
These devices were nlaced in a line on the opposite side

of the Faraday cup from Green Group I.

When we opened the Crange Grouy IV package the numbers
4 and 3 had come off two of the devices. Also number 1
was so loosely attached that we are not surz that it
may not have transferred in the package. We placed the

numbers 4 and 5 back on arbitrarily. We hopje you can
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(b)

(¢)

(d)

(e)

(f)

resolve which ones are actually 1, 4 and 3. We
refastenad all the numbers since most of them did not

look like they would stick on much longer.

The total integrated electron dose to these devices
was 3.0 x 10-8 (+10%, -5%) amp-hrs/cm2. This equates
to a dose of 2.8 x 107r (Co60 equivalent).

The time raquired for irradiation was 834 seconds.

The average irradiation rate was 0.13 ua/cmz.

The temperature rise was negligible--not over several

degrees.

The incident elzctron energy spactrum was 2 Mev +0.3%.
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APPENDIX IITI. SILVER SULFIDE CCMPARED WITH ANTIMONY
TRISULFIDE AND NICKEL OXIDE

In addition to silver sulfide, two substances have been studied and
tested for their switching properties, In an investigation of the electri-
cal and optical prodrerties of antimony trisulfide, Davis11 discovered
that, when this substance contains excess antimony, a low resistance path
is formed by a field of the order of 103 volts/cm., The switching effect in
this nonstoichiometric substance was studied by Gildart et 3112 who directed

their attention mainly to the breakdown between two electrodes attached to a

" common plane surface of the cast sulfide. The UNIVAC Kesearch Division made

a brief test of some of the switching characteristics between opposite sur-
faces of nonstoichiomztric antimony trisulfide pellets prior to the initiation

of the present work on silver sulfide.

The Trionics Corporation has investigated the characteristics of nickel
oxide as a memory element under the technical direction of Heddenla; re-
sistance measurements were made between the two flat surfaces of 20 mil discs.
The UNIVAC Research Division made a similar investigation, using non-
stoichiometric nickel oxide, prior to the initiation of the present work on
silver sulfide. The UNIVAC results are in general agreement with those of
Trionics. Beadle14 evaluated oxide films formed on nickel sheet and obtained
much shorter useable life times than were found in the other two investi-

gations of this oxide.

Comparisons of the characteristics of the memory elements, as determined
in the UNIVAC studies, are given in Table III-I. The asoroaches to thess
studies were slightly different: for exampls, thz switching times for antimony
trisulfide were determined with ramp julses, and thus are to be exnected to
differ from those determin=d by square wave pulses for the silver sulfide
and nickel oxide. The comparisons shown in the table, consequently, are
valid mainly ia a general sense; more pracise comparisons could be obtained
at the exnense of rejetition of some of the work on the antimony trisulfide

and on the nickel oxide.
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The basic difference among th:se three compounds is that while
silver sulfide is a semiconductor, antimony trisulfide and nickel oxide
operate much more like insulators and thus require much higher voltage
for switching than does silver sulfide. OCn the othar hand nickel oxide
requires much less energy to switch. The high rasistance ratio obtained
with antimony trisulfide and nickel oxide gives unusually good discrimi-
nation between the binary states; nevertheless, the resistance ratio of
silver sulfide appears to be adequate., Both antimony trisulfide and nickel
oxide switch from the high state to the low state only after dalays which
were observed to range up to 700 microseconds. No switching path was

observed in antimoay trisulfide.

On the basis of th2 prasant knowledge it would aposear that silver
sulfide is indeed the preferable choice for a memory elemant for snhace
ar>lications. However, the accestancz of silver sulfide should not be
taken at the exclusion of all other substances. The knowledge so far
developed in the area of\haterials with bistable resistances is extremely
meager, and the possibility remains that othzr substances, or even modi-
fication of the przsently known substances, might lead to considerably
improved matz2rials. Exploratory and foundation researches are clearly

needed in this ar:a, and should be undzrtaken when time pnermits.
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